Magnetron sputtering is proposed here as an innovative method for the deposition of a material layer onto an appropriate backing plate for cyclotron solid targets aimed at medical radioisotopes production. In this study, a method to deposit thick, high-density, high-thickness-uniformity, and stress-free films of high adherence to the backing was developed by optimizing the fundamental deposition parameters: sputtering gas pressure, substrate temperature, and using a multilayer deposition mode, as well. This method was proposed to realize Mo-100 and Y-nat solid targets for biomedical cyclotron production of Tc-99m and Zr-89 radionuclides, respectively. The combination of all three optimized sputtering parameters (i.e., 1.63 × 10 −2 mbar Ar pressure, 500 • C substrate temperature, and the multilayer mode) allowed us to achieve deposition thickness as high as 100 µm for Mo targets. The 50/70-µm-thick Y targets were instead realized by optimizing the sputtering pressure only (1.36 × 10 −2 mbar Ar pressure), without making use of additional substrate heating. These optimized deposition parameters allowed for the production of targets by using different backing materials (e.g., Mo onto copper, sapphire, and synthetic diamond; and Y onto a niobium backing). All target types tested were able to sustain a power density as high as 1 kW/cm 2 provided by the proton beam of medical cyclotrons (15.6 MeV for Mo targets and 12.7 MeV for Y targets at up to a 70-µA proton beam current). Both short-and long-time irradiation tests, closer to the real production, have been realized.
Introduction
A conventional medical cyclotron solid target comprises the target material deposited onto a baking plate that is cooled by water from the back and possibly by helium gas flow from the front. There is a number of techniques for accelerator target preparation based on chemical, mechanical, or physical processes [1] . The list of the most common methods for cyclotron solid target production includes, but is not limited to, rolling or mechanical reshaping, pressing, sintering, electrodeposition, and a set of "physical" methods [2] . Here, we have associated with the group of physical methods different Physical Vapor Deposition (PVD) methods, such as Focused Ion Beam (FIB) or magnetron sputtering, thermal spray deposition, and plasma spray deposition. Table 1 presents a summary of the most commonly used methods for cyclotron solid target preparation and some examples of their [19] [20] [21] [22] [23] [24] * Here, physical deposition methods include different Physical Vapor Deposition (PVD) methods: Focused Ion Beam (FIB) and magnetron sputtering, thermal spray deposition, and plasma spray deposition.
In order to maximize the nuclear reaction yield, production should be performed at maximum proton currents. This means that the target system should provide high efficiency of heat dissipation. In order to achieve this purpose, the materials should have maximum thermal conductivity, including both the target material itself and the target backing plate, and should be connected by a method providing good thermomechanical contact between them. Direct deposition by sputtering may be particularly interesting in cases where: a relatively thin layer of target material is required and obtaining the proper contact between the target material and the backing is critical; the backing is cumbersome (particular, not disklike, shapes, such as microchannel-or metallic-foam-based heat exchanger as a part of the backing, etc.); or the alternative target bonding involves the use of material or processes that may introduce impurities (e.g., brazing, etc.).
The LNL-INFN group, in the framework of the LARAMED (LAboratories for RAdioisotopes of MEDical interest) project [25] , has proposed to use magnetron sputtering to deposit the target material onto the appropriate backing plate in order to provide high density, high thickness uniformity, and high adherence to the backing. An innovative study of the Mo cyclotron solid target concept for 99m Tc production was recently presented in [3] . This included sputter deposition of Mo target material onto a composite high thermal conductivity and chemical resistance backing plate. The previous article [3] was devoted to Mo deposition and the technological aspects of vacuum brazing to realize a composite backing plate. The scope of the present work is instead focused on the deposition method development.
In this work, the method originally developed to produce a Mo cyclotron solid target has been tested for another precursor material, Y for 89 Zr radionuclide production. Some technical details on Mo target preparation are repeated in the current work to compare the main deposition parameters for Y and Mo in order to illustrate the versatility of the developed method, its applicability to different target and backing materials, and its capability to produce targets for different target stations.
Both radionuclides 99m Tc and 89 Zr have importance for medical applications. The interest in additional/alternative routes for 99m Tc production has been stimulated by the perceived new 99m Tc crisis, due to the scheduled shutdown of the Chalk River nuclear power plant in 2018. Cyclotron-based production of 99m Tc, starting from 100 Mo by 100 Mo(p,2n) 99m Tc reaction, has been developed and evaluated at the LNL-INFN in the framework of the APOTEMA-TECHN_OSP project [25] [26] [27] [28] [29] [30] . Regarding 89 Zr, the main interest in this radionuclide is related to the radiolabeling of slowly accumulating radiopharmaceuticals (in vivo imaging of antibodies, nanoparticles, and other large bioactive molecules) for targeting tumor cells [31] [32] [33] [34] . The latter goal requires the ready availability of relatively large amounts of 89 Zr with high specific activity: this remains nowadays a challenge.
Magnetron sputtering is a very flexible PVD technique that allows to modify a lot the properties of the deposited film by changing the sputtering parameters. Magnetron sputtering is generally known as a PVD technique for the deposition of thin metallic films. However, it is not used for thick film deposition because of the tensile or compressive stress that is always present in the films [35, 36] . Controlling the stress in PVD films is extremely important because of its close relationship to the technological properties of the material; the adhesion strength to the substrate; and the limit of film thickness without cracking, buckling, or delamination.
One of the most challenging issues of this study was to develop a method to deposit dense stress-free films of refractory metal with a thickness of the order of tens or even hundreds of microns. Magnetron sputtering was used to deposit a thick target film directly onto a backing plate. This approach could have a further advantage: to simplify the often-underestimated challenge of establishing good thermal contact between the target and the target backing plate.
Thus, in this work, the validation of the solid target production technology based on the magnetron sputtering technique was realized for both Mo and Y target preparation. Indeed, a set of Mo and Y target prototypes has been realized and successfully tested under the cyclotron's beam. The results have shown that the developed solid target preparation method is attractive for further optimization and implementation in medical radionuclide production.
Materials and Methods

Materials
Natural molybdenum (99.99% purity, Mateck GmbH, Julich, Germany), natural yttrium (99.9% purity, Gambetti Kenologia Srl, Binasco, MI, Italy), and argon (99.99% purity, SIAD S.p.A., 159 Bergamo, Italy) were used for sputtering deposition as target materials and sputtering gas, respectively. Different substrate materials were used: Mo was deposited onto copper (Ø32 × 1 mm), sapphire (Ø12.7 × 0.5 mm, Meller Optics Inc., Providence RI, USA), chemical vapor deposited (CVD) synthetic diamond (Ø13.5 × 0.3 mm, II-VI Advanced Materials GmbH, Pine Brook, NJ, USA), and silicon wafers of 50.8 mm diameter and 250-300 µm thickness of semiconductor quality and (100) orientation (Sil'tronix Silicon Technologies, Archamps, France). Niobium disks of 99.9% purity (Ø24 × 0.5 mm, Goodfellow Cambridge Ltd., Huntingdon, England) were used as the substrates for the yttrium deposition.
Copper substrates were washed in an ultrasonic bath for 20 min with GP 17.40 SUP soap (NGL Cleaning Technology SA, Nyon, Switzerland) and deionized water. This was followed by chemical etching with SUBU5 solution (5 g/L of sulfamic acid, 1 g/L of ammonium citrate, 50 mL/L of butanol, 50 mL/L of H2O2, and 1 L of deionized water) at 72 ± 4 • C in order to remove surface oxides, passivation in 20 g/L of sulfamic acid, ultrasonic washing with water for 20 min, rinsing with ethanol, and drying with nitrogen.
Niobium and nonmetallic substrates cleaning procedure included: ultrasonic bath cleaning with Rodaclean ® (NGL Cleaning Technology SA, Nyon, Switzerland) soap for 20 min at 40 • C; ultrasonic bath cleaning with deionized water for 20 min at 40 • C; rinsing with ethanol (storage in ethanol in plastic box); mechanical cleaning with ethanol and AlfaWipe ® (Texwipe Company, Hoofddorp, The Netherlands); and drying with nitrogen gas immediately before positioning onto the substrate-holder.
Deposition System
The sputtering process was carried out in a cylindrical, stainless-steel vacuum chamber that was 25 cm in diameter and 25 cm in length. A base pressure of 5 × 10 −6 mbar was reached without backing out (heating the vacuum flanges up to 200 • C to improve degassing during pumping) by means of the Pfeiffer turbo molecular pump of 360 L/min and the Varian Tri Scroll Pump of 210 L/min as a primary.
The films were deposited by DC (direct current) sputtering with a 2-in. planar magnetron cathode source unbalanced of the II Type. The depositions were performed onto planar substrate-holders, with a distance of 6 or 7 cm from the cathode.
The "down-top" deposition configuration, with the magnetron source placed from the downside of the cylindrical chamber and the substrate-holder with substrates from the top of the chamber, was used for the film deposition in order to minimize the film delamination probability caused by the metallic dust particles (Figure 1 ).
Different substrate materials were used: Mo was deposited onto copper (Ø32 × 1 mm), sapphire (Ø12.7 × 0.5 mm, Meller Optics Inc., Providence RI, USA), chemical vapor deposited (CVD) synthetic diamond (Ø13.5 × 0.3 mm, II-VI Advanced Materials GmbH, Pine Brook, NJ, USA), and silicon wafers of 50.8 mm diameter and 250-300 µm thickness of semiconductor quality and (100) orientation (Sil'tronix Silicon Technologies, Archamps, France).
Niobium disks of 99.9% purity (Ø24 × 0.5 mm, Goodfellow Cambridge Ltd., Huntingdon, England) were used as the substrates for the yttrium deposition.
Copper substrates were washed in an ultrasonic bath for 20 min with GP 17.40 SUP soap (NGL Cleaning Technology SA, Nyon, Switzerland) and deionized water. This was followed by chemical etching with SUBU5 solution (5 g/L of sulfamic acid, 1 g/L of ammonium citrate, 50 mL/L of butanol, 50 mL/L of H2O2, and 1 L of deionized water) at 72 ± 4 °C in order to remove surface oxides, passivation in 20 g/L of sulfamic acid, ultrasonic washing with water for 20 min, rinsing with ethanol, and drying with nitrogen.
Niobium and nonmetallic substrates cleaning procedure included: ultrasonic bath cleaning with Rodaclean ® (NGL Cleaning Technology SA, Nyon, Switzerland) soap for 20 min at 40 °C; ultrasonic bath cleaning with deionized water for 20 min at 40 °C; rinsing with ethanol (storage in ethanol in plastic box); mechanical cleaning with ethanol and AlfaWipe ® (Texwipe Company, Hoofddorp, The Netherlands); and drying with nitrogen gas immediately before positioning onto the substrateholder.
The sputtering process was carried out in a cylindrical, stainless-steel vacuum chamber that was 25 cm in diameter and 25 cm in length. A base pressure of 5 × 10 −6 mbar was reached without backing out (heating the vacuum flanges up to 200 °C to improve degassing during pumping) by means of the Pfeiffer turbo molecular pump of 360 L/min and the Varian Tri Scroll Pump of 210 L/min as a primary.
The films were deposited by DC (direct current) sputtering with a 2-in. planar magnetron cathode source unbalanced of the II Type. The depositions were performed onto planar substrateholders, with a distance of 6 or 7 cm from the cathode.
The "down-top" deposition configuration, with the magnetron source placed from the downside of the cylindrical chamber and the substrate-holder with substrates from the top of the chamber, was used for the film deposition in order to minimize the film delamination probability caused by the metallic dust particles (Figure 1 ). The deposition onto 7/8 substrates was realized at the same time. The sputtering materials were deposited on a spot that was 10 mm in diameter in the center of each substrate (backing plate) defined by appropriate masks (Figure 2 ). For the Mo deposition, a 450-W Infrared (IR) lamp (Helios Italquarz, The deposition onto 7/8 substrates was realized at the same time. The sputtering materials were deposited on a spot that was 10 mm in diameter in the center of each substrate (backing plate) defined by appropriate masks (Figure 2 ). For the Mo deposition, a 450-W Infrared (IR) lamp (Helios Italquarz, Cambiago-MI, Italy) was used to heat up the substrate-holder, and a K-type thermocouple, placed inside the furnace, was used to control the temperature with an automatic custom-made infrared lamp backing control system. Cambiago-MI, Italy) was used to heat up the substrate-holder, and a K-type thermocouple, placed inside the furnace, was used to control the temperature with an automatic custom-made infrared lamp backing control system.
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Deposit Analysis
The evaluation of the film thickness was performed by the contact stylus profiler model Dektak 8 (Veeco, Plainview, NY, USA).
FEI (formerly Philips, OR, USA) Scanning Electron Microscope SEM XL-30 was used for the sputtered film analysis. Samples of 5-µm Mo film onto a silicon wafer substrate and 40-µm Y film onto a copper substrate were prepared in separate runs with the same optimized parameters for SEM cross-section analysis.
Cyclotron Tests
In this study, two different cyclotrons with the corresponding solid target stations were used for testing the Mo and Y sputtered targets. The Mo target irradiation tests were performed at the Medical Physics Department of "S. Orsola-Malpighi" Hospital in Bologna using the PETtrace 800S cyclotron (GE Healthcare, Chicago, IL, USA) equipped with the solid target station prototype of TEMA Sinergie S.P.A. (Faenza, Ra, Italy). The Y targets were tested under the TR19 cyclotron with the corresponding target station (ACSI, Richmond, BC, Canada).
The GE PETtrace 800S cyclotron (GE Healthcare, Chicago, IL, USA) works at a fixed proton energy of 16.5 MeV (deuteron energy 8 MeV) and currents up to 100 µA (the maximum current available practically depends on the source and tuning of the magnets). The solid target station (prototype TEMA Sinergie S.P.A., Faenza, Ra, Italy) is shown in Figure 3a . The target "coin" is cooled directly by the He gas flow in the front and indirectly through contact with the water-cooled aluminum chamber from the back. A detailed description of this irradiation unit was reported previously by Cicoria and co-workers [37, 38] . 
Deposit Analysis
Cyclotron Tests
The GE PETtrace 800S cyclotron (GE Healthcare, Chicago, IL, USA) works at a fixed proton energy of 16.5 MeV (deuteron energy 8 MeV) and currents up to 100 µA (the maximum current available practically depends on the source and tuning of the magnets). The solid target station (prototype TEMA Sinergie S.P.A., Faenza, Ra, Italy) is shown in Figure 3a . The target "coin" is cooled directly by the He gas flow in the front and indirectly through contact with the water-cooled aluminum chamber from the back. A detailed description of this irradiation unit was reported previously by Cicoria and co-workers [37, 38] . TR19 [14] [15] [16] [17] [18] [19] MeV is a variable energy proton cyclotron with a high current ion source up to 300 µA. The corresponding ACSI solid target station allows for direct helium gas cooling of the target coin from the front part and water cooling from the back.
The target coin prototypes were realized fitting the design of the corresponding target station, which means disks of 2 mm maximum thickness and diameters of 32 mm (TEMA) and 24 mm (ACSI). TR19 [14] [15] [16] [17] [18] [19] MeV is a variable energy proton cyclotron with a high current ion source up to 300 µA. The corresponding ACSI solid target station allows for direct helium gas cooling of the target coin from the front part and water cooling from the back.
The target coin prototypes were realized fitting the design of the corresponding target station, which means disks of 2 mm maximum thickness and diameters of 32 mm (TEMA) and 24 mm (ACSI).
The irradiations of the target prototypes for thermomechanical stability control were carried out at 15.6 MeV for the Mo targets and 12.7 MeV for the Y targets at increasing currents. Irradiating for 60 s is sufficient to reach thermal equilibrium in the target. Even such short-time tests are sufficient to reveal the structural characteristics of the target depending on the backing material, the quality of deposition, adherence, etc. Indeed, the target "failing" (i.e., when the deposited layer is detached or cracked) occurs within the first 20 s of irradiation. In practice, an irradiation time of 0.5-2.0 h, or even more, is routinely adopted to allow the production of clinically relevant amounts of radionuclides. Then, the long-term stability of the target withstanding the short-time test is mainly determined by the stability of the beam and the cooling system. For this reason, the irradiation time of 1-2 min was chosen for the initial thermomechanical tests.
After each irradiation, the sample was unloaded to visually inspect the integrity of the target and the adhesion of the Mo or Y film on the backing. Longer irradiations were performed using one of the CVD synthetic-diamond-based Mo target prototypes (30 min at 15.6 MeV, 60 µA, the maximum current reached by the cyclotron at that moment) and two Y targets (5 h, 12.7 MeV, 50 µA).
Estimation of 89 Zr Expected Yields
In this study, the 89 Zr activity at the end of bombardment (EOB) of Y sputtered targets was not measured experimentally. Instead, it was predicted by means of the Radionuclide Yield Calculator (RYC) 2.0 software [39] containing SRIM (The Stopping and Range of Ions in Matter [40] ) modules. The experimental nuclear cross-section data, presented in Experimental Nuclear Reaction Data (EXFOR [41] ) and previously reported by Omara et al. [42] , Satheesh et al. [43] , and Zhao et al. [44] fit by Gaussian generalized distribution (GGD), were utilized for the calculations. In order to validate the calculations obtained using the RYC 2.0 software, the Atheor (this work) was compared to the data presented in the literature Atheor (Lit.).
In order to compare the produced Y targets with the ones reported in the literature, the EOB thick target yield for 1 h of irradiation was also estimated according to Equation (1), as suggested by Otuka et al. [45] : The irradiations of the target prototypes for thermomechanical stability control were carried out at 15.6 MeV for the Mo targets and 12.7 MeV for the Y targets at increasing currents. Irradiating for 60 s is sufficient to reach thermal equilibrium in the target. Even such short-time tests are sufficient to reveal the structural characteristics of the target depending on the backing material, the quality of deposition, adherence, etc. Indeed, the target "failing" (i.e., when the deposited layer is detached or cracked) occurs within the first 20 s of irradiation. In practice, an irradiation time of 0.5-2.0 h, or even more, is routinely adopted to allow the production of clinically relevant amounts of radionuclides. Then, the long-term stability of the target withstanding the short-time test is mainly determined by the stability of the beam and the cooling system. For this reason, the irradiation time of 1-2 min was chosen for the initial thermomechanical tests.
In this study, the 89 Zr activity at the end of bombardment (EOB) of Y sputtered targets was not measured experimentally. Instead, it was predicted by means of the Radionuclide Yield Calculator (RYC) 2.0 software [39] containing SRIM (The Stopping and Range of Ions in Matter [40] ) modules. The experimental nuclear cross-section data, presented in Experimental Nuclear Reaction Data (EXFOR [41] ) and previously reported by Omara et al. [42] , Satheesh et al. [43] , and Zhao et al. [44] fit by Gaussian generalized distribution (GGD), were utilized for the calculations. In order to validate the calculations obtained using the RYC 2.0 software, the A theor (this work) was compared to the data presented in the literature A theor (Lit.).
In order to compare the produced Y targets with the ones reported in the literature, the EOB thick target yield for 1 h of irradiation was also estimated according to Equation (1), as suggested by Otuka et al. [45] :
where A(t irrad ) is the experimentally measured 89 Zr activity at the end of bombardment (mCi) after t irrad (h) irradiation at I 0 irradiation current (µA), t 1h = 1 h of normalizing irradiation time (h), λ is the radioactive decay constant, and T 1/2 is the 89 Zr radioactive half-life (T 1/2 = 78.4 h). While the tests reported in the literature a(t 1h ) were calculated using reported experimental 89 Zr EOB activity A exp , for Y-2 and Y-7 targets, instead, A theor (this work) was used to predict the a(t 1h ), since no experimental measurement of produced activity was realized.
Results and Discussion
Sputtering Parameters Optimization
Besides the classical stress-associated problems (e.g., cracking in the deposit or substrate, cracking at the substrate-deposit interface, and adhesion problems [46] ), the stress in deposited films can be a reason for poor adhesion between a film (target material) and a substrate (backing plate). The thermal resistance of this contact can drastically increase, causing a decrease in heat exchange efficiency. Thus, the optimization of the Mo and Y deposition parameters, aiming to reduce stress, was mandatory for the purpose of this work (i.e., cyclotron solid target realization). The sputtering deposition process of Mo and Y, using the same 2-in. magnetron and the same vacuum chamber, is shown in Figure 4 . 
where ( ) is the experimentally measured 89 Zr activity at the end of bombardment (mCi) after (h) irradiation at irradiation current (µA), = 1 h of normalizing irradiation time (h), is the radioactive decay constant, and / is the 89 Zr radioactive half-life ( / = 78.4 h).
While the tests reported in the literature ( ) were calculated using reported experimental 89 Zr EOB activity Aexp, for Y-2 and Y-7 targets, instead, Atheor (this work) was used to predict the a(t1h), since no experimental measurement of produced activity was realized.
Results and Discussion
Sputtering Parameters Optimization
Besides the classical stress-associated problems (e.g., cracking in the deposit or substrate, cracking at the substrate-deposit interface, and adhesion problems [46] ), the stress in deposited films can be a reason for poor adhesion between a film (target material) and a substrate (backing plate). The thermal resistance of this contact can drastically increase, causing a decrease in heat exchange efficiency. Thus, the optimization of the Mo and Y deposition parameters, aiming to reduce stress, was mandatory for the purpose of this work (i.e., cyclotron solid target realization). The sputtering deposition process of Mo and Y, using the same 2-in. magnetron and the same vacuum chamber, is shown in Figure 4 . The intrinsic stress in PVD-deposited films depends on the energy supplied to the growing film surface during the deposition process. The parameters considerably involved in the change of the supplied energy and, thus, in the microstructure growth mechanism are the sputtering gas pressure, the temperature of the holder, bias, etc.
Theoretically, if the other sputtering parameters are kept fixed, there is a particular gas pressure that corresponds to the transition between the tensile and compressive stresses. High pressure corresponds to the decrease of the kinetic energy of sputtered atoms and reflected neutrals bombarding the growing film due to the increased frequency of the collisions with the sputtering gas. In this case, a more porous microstructure is created, which is attributed to tensile intrinsic stress. At low pressure, the arriving particles have higher kinetic energy, and a more dense film, usually with compressive stress, is created [47] . In the current work, the optimal pressure was achieved experimentally by performing short depositions (15 min) of the material of interest (Mo, Y) onto a flexible substrate (Kapton), keeping all the other deposition parameters fixed. The radius of curvature assumed by the Kapton is an indicator of the stress (see Figure 5) .
In this way, the "transition" pressure for Mo deposition was found to be 1.63 × 10 −2 mbar (corresponding to 17 sccm Ar gas flow) and 1.36 × 10 −2 mbar (corresponding to 19 sccm Ar gas flow) for Y deposition. It should be noted that the distance from the magnetron to the substrate was slightly The intrinsic stress in PVD-deposited films depends on the energy supplied to the growing film surface during the deposition process. The parameters considerably involved in the change of the supplied energy and, thus, in the microstructure growth mechanism are the sputtering gas pressure, the temperature of the holder, bias, etc.
In this way, the "transition" pressure for Mo deposition was found to be 1.63 × 10 −2 mbar (corresponding to 17 sccm Ar gas flow) and 1.36 × 10 −2 mbar (corresponding to 19 sccm Ar gas flow) for Y deposition. It should be noted that the distance from the magnetron to the substrate was slightly different in the two cases-6 cm for Mo deposition and 7 cm for Y deposition-due to the difference in the design of the substrate-holders. different in the two cases-6 cm for Mo deposition and 7 cm for Y deposition-due to the difference in the design of the substrate-holders. The second parameter, which strongly influences the intrinsic stress in films, is the substrate temperature, since it influences the kinetic energy of the particles that have already arrived at the substrate: the higher the temperature, the higher the density, thanks to renucleation. The transition homologous temperature Th = T/Tm = 0.2-0.45 (where T is the temperature during vacuum deposition and Tm is the melting point of a deposited material), presented in the Structure Zone Model as the Tzone [35] , corresponds to a transition from a tensile stress, attributed to the porous microstructure, to a near-zero or even low-level compressive stress of the dense bulk-like film. In this work, deposition was realized at the homologous temperature Th = T/Tm = 0.2; this means ~500 °C for Mo and ~250 °C for Y. Indeed, the columnar dense microstructures of Mo and Y films (see Figure 6 ) obtained at Th = 0.2 corresponded to the standard T-zone in the Structure Zone Model [35] . Furthermore, a multilayer deposition technique was shown to reduce the stress [48] ; thus, the deposition of Mo thick films was fragmented in thousands of subsequent brief depositions of thin films, using an automatic program to control the power. Each deposition was interspersed by a "relaxation time" (80% duty cycle for a 1-min period), in which the film was annealed. The second parameter, which strongly influences the intrinsic stress in films, is the substrate temperature, since it influences the kinetic energy of the particles that have already arrived at the substrate: the higher the temperature, the higher the density, thanks to renucleation. The transition homologous temperature T h = T/T m = 0.2-0.45 (where T is the temperature during vacuum deposition and T m is the melting point of a deposited material), presented in the Structure Zone Model as the T-zone [35] , corresponds to a transition from a tensile stress, attributed to the porous microstructure, to a near-zero or even low-level compressive stress of the dense bulk-like film. In this work, deposition was realized at the homologous temperature T h = T/T m = 0.2; this means~500 • C for Mo and~250 • C for Y. Indeed, the columnar dense microstructures of Mo and Y films (see Figure 6 ) obtained at T h = 0.2 corresponded to the standard T-zone in the Structure Zone Model [35] . different in the two cases-6 cm for Mo deposition and 7 cm for Y deposition-due to the difference in the design of the substrate-holders. The second parameter, which strongly influences the intrinsic stress in films, is the substrate temperature, since it influences the kinetic energy of the particles that have already arrived at the substrate: the higher the temperature, the higher the density, thanks to renucleation. The transition homologous temperature Th = T/Tm = 0.2-0.45 (where T is the temperature during vacuum deposition and Tm is the melting point of a deposited material), presented in the Structure Zone Model as the Tzone [35] , corresponds to a transition from a tensile stress, attributed to the porous microstructure, to a near-zero or even low-level compressive stress of the dense bulk-like film. In this work, deposition was realized at the homologous temperature Th = T/Tm = 0.2; this means ~500 °C for Mo and ~250 °C for Y. Indeed, the columnar dense microstructures of Mo and Y films (see Figure 6 ) obtained at Th = 0.2 corresponded to the standard T-zone in the Structure Zone Model [35] . Furthermore, a multilayer deposition technique was shown to reduce the stress [48] ; thus, the deposition of Mo thick films was fragmented in thousands of subsequent brief depositions of thin films, using an automatic program to control the power. Each deposition was interspersed by a "relaxation time" (80% duty cycle for a 1-min period), in which the film was annealed. Furthermore, a multilayer deposition technique was shown to reduce the stress [48] ; thus, the deposition of Mo thick films was fragmented in thousands of subsequent brief depositions of thin films, using an automatic program to control the power. Each deposition was interspersed by a "relaxation time" (80% duty cycle for a 1-min period), in which the film was annealed. The optimized parameters for magnetron sputtering of both Mo (using copper backing, complex sapphire, or synthetic-diamond-based backing) and Y (on niobium backing) for the described deposition system configuration are shown in Table 2 .
The deposition of Mo at 1.63 × 10 −2 mbar Ar sputtering gas pressure, keeping the substrate-holder heated at 500 • C in a multilayer deposition mode (more details are presented in a previous work by the authors [3]), gave the best over 100-µm-thick Mo films in terms of adhesion, density (more than 95% of the bulk material), and being stress-free. It should be said that, in the past, a much lower Mo thickness of about 0.1 mg/cm 2 (~0.1 µm calculated for bulk density Mo), obtained using FIB [24] and ultrahigh vacuum sputtering [23] , was reported. Our film thickness is comparable to the 130-µm Mo deposited by thermal spray deposition reported by Jalilian et al. [22] . All eight samples deposited in each sputtering run with the sample-holder (Figure 2a) have been characterized by high film-thickness uniformity.
The fact that ultrathick Mo films were deposited onto ceramic substrates, such as sapphire and CVD synthetic diamond, without stress-induced damage of the substrate demonstrates the versatility of the developed sputtering method. Indeed, the use of chemically inert backing materials (i.e., ceramics) in the dissolution process after target irradiation [30] would avoid radiochemical impurities in the final injectable radiopharmaceutical [3, 49] .
Instead, the thick stress-free Y films were obtained by merely optimizing the sputtering pressure. Since yttrium is very sensitive to oxidation, the multilayer mode was not applied in order to avoid the introduction of oxide layers between the metallic ones, which might promote the increase of intrinsic stress (and further possible delamination) instead of stress relaxation. Furthermore, the use of the floating temperature of the substrate-holder during the sputtering process simplified the system configuration from the point of view of hardware and safety. On the other hand, forced heating of the substrate-holder was not required in the case of Y sputtering, since the T m of Y is lower than the one of Mo, and T h = 0.2 was reached thanks to the interaction of the substrate-holder with plasma during the sputtering process.
Seven Y targets were produced in one deposition run. The sputtering deposition of six targets resulted in~50-µm-thick Y films, with a uniform distribution of film thickness. Only the target placed in the central position during the sputtering process showed a higher but less uniform thickness (70 µm). A representative example of the Y film profile sputtered onto 0.5-mm-thick niobium backing is shown in Figure 7 . For Y targets, the niobium backing was chosen since it is inert in concentrated HCl, which was the media used for dissolution after irradiation [34] . The optimized parameters for magnetron sputtering of both Mo (using copper backing, complex sapphire, or synthetic-diamond-based backing) and Y (on niobium backing) for the described deposition system configuration are shown in Table 2 .
The deposition of Mo at 1.63 × 10 −2 mbar Ar sputtering gas pressure, keeping the substrate-holder heated at 500 °C in a multilayer deposition mode (more details are presented in a previous work by the authors [3]), gave the best over 100-µm-thick Mo films in terms of adhesion, density (more than 95% of the bulk material), and being stress-free. It should be said that, in the past, a much lower Mo thickness of about 0.1 mg/cm 2 (~0.1 µm calculated for bulk density Mo), obtained using FIB [24] and ultrahigh vacuum sputtering [23] , was reported. Our film thickness is comparable to the 130-µm Mo deposited by thermal spray deposition reported by Jalilian et al. [22] . All eight samples deposited in each sputtering run with the sample-holder (Figure 2a) have been characterized by high filmthickness uniformity.
Instead, the thick stress-free Y films were obtained by merely optimizing the sputtering pressure. Since yttrium is very sensitive to oxidation, the multilayer mode was not applied in order to avoid the introduction of oxide layers between the metallic ones, which might promote the increase of intrinsic stress (and further possible delamination) instead of stress relaxation. Furthermore, the use of the floating temperature of the substrate-holder during the sputtering process simplified the system configuration from the point of view of hardware and safety. On the other hand, forced heating of the substrate-holder was not required in the case of Y sputtering, since the Tm of Y is lower than the one of Mo, and Th = 0.2 was reached thanks to the interaction of the substrate-holder with plasma during the sputtering process.
Seven Y targets were produced in one deposition run. The sputtering deposition of six targets resulted in ~50-µm-thick Y films, with a uniform distribution of film thickness. Only the target placed in the central position during the sputtering process showed a higher but less uniform thickness (70 µm). A representative example of the Y film profile sputtered onto 0.5-mm-thick niobium backing is shown in Figure 7 . For Y targets, the niobium backing was chosen since it is inert in concentrated HCl, which was the media used for dissolution after irradiation [34] . It should be noted that the main defect of the magnetron sputtering deposition technique is the great loss of the deposited material. Therefore, for a very expensive material, such as 100 Mo (starting material for cyclotron-produced 99m Tc through 100 Mo(p,2n) nuclear reaction), the development of a suitable strategy for the deposition of a small amount of material and an efficient recovery method is necessary. Instead, magnetron sputtering can be a powerful technique for materials with 100% natural abundance, such as 89 Y for the production of 89 Zr when a high yield of production is requested. It should be noted that the main defect of the magnetron sputtering deposition technique is the great loss of the deposited material. Therefore, for a very expensive material, such as 100 Mo (starting material for cyclotron-produced 99m Tc through 100 Mo(p,2n) nuclear reaction), the development of a suitable strategy for the deposition of a small amount of material and an efficient recovery method is necessary. Instead, magnetron sputtering can be a powerful technique for materials with 100% natural abundance, such as 89 Y for the production of 89 Zr when a high yield of production is requested.
Cyclotron Test
The thermomechanical stability of the Mo targets produced by magnetron sputtering was evaluated under the beam of a 16-MeV GE PETtrace cyclotron, in the S. Orsola-Malpighi Hospital, Bologna, at 15.6 MeV, increasing the beam currents with 10-µA steps for 1 min irradiation, starting from 20 up to 70 µA (see Table 3 ). Visual control of the target after each irradiation was carried out.
All Mo target prototypes, based on about 100-µm-thick Mo film deposited by magnetron sputtering onto copper backing directly and ceramic (sapphire and CVD synthetic diamond) substrates brazed to the copper supports [49] , showed good thermomechanical stability under the proton beam. The prototypes could sustain a power density of about 1 kW/cm 2 , provided by a proton beam of 15.6 MeV, 60 µA, and a spot size of~11 mm diameter. Excellent adhesion (no delamination) and no film damage were observed after each irradiation. Only one of the sapphire-based samples was cracked, and in our interpretation, this was due to a problem during the brazing process, and not due to the irradiation. In fact, further CVD diamond-based targets were improved by adjusting the parameters of Ti metallization prior to brazing. A more detailed description of the results on different Mo target prototypes is presented in the previous work by the authors [3] .
Y targets were irradiated under a~10 mm in diameter proton beam of the TR19 cyclotron at 12.7 MeV at increasing currents up to 70 µA. The irradiation data are presented in Table 3 . It is worth noting that the Y foil targets (thickness from 0.15 to 1 mm) commonly used by different groups to produce 89 Zr [19, 38, [50] [51] [52] [53] can sustain, without any critical damage, only currents under 40 µA. Instead, the targets realized in this work have supported up to 1 kW/cm 2 heat power density, corresponding to relatively higher current values, which can increase the 89 Zr radioisotope production yields. Besides that, the thermomechanical performance of the targets realized using the method described in this work is comparable to one of the commercial sputtered Y targets [19] . Indeed, the integrity of the irradiated targets was not compromised, despite a visible dark spot in the center of the target corresponding to the beam profile, as shown in Figure 8 . The white spot in the center of some targets can be explained by the creation of some amount of Y oxide/hydroxide due to water leakages in the target station. 
All Mo target prototypes, based on about 100-µm-thick Mo film deposited by magnetron sputtering onto copper backing directly and ceramic (sapphire and CVD synthetic diamond) substrates brazed to the copper supports [49] , showed good thermomechanical stability under the proton beam. The prototypes could sustain a power density of about 1 kW/cm 2 , provided by a proton beam of 15.6 MeV, 60 µA, and a spot size of ~11 mm diameter. Excellent adhesion (no delamination) and no film damage were observed after each irradiation. Only one of the sapphire-based samples was cracked, and in our interpretation, this was due to a problem during the brazing process, and not due to the irradiation. In fact, further CVD diamond-based targets were improved by adjusting the parameters of Ti metallization prior to brazing. A more detailed description of the results on different Mo target prototypes is presented in the previous work by the authors [3] .
Y targets were irradiated under a ~10 mm in diameter proton beam of the TR19 cyclotron at 12.7 MeV at increasing currents up to 70 µA. The irradiation data are presented in Table 3 . It is worth noting that the Y foil targets (thickness from 0.15 to 1 mm) commonly used by different groups to produce 89 Zr [19, 38, [50] [51] [52] [53] can sustain, without any critical damage, only currents under 40 µA. Instead, the targets realized in this work have supported up to 1 kW/cm 2 heat power density, corresponding to relatively higher current values, which can increase the 89 Zr radioisotope production yields. Besides that, the thermomechanical performance of the targets realized using the method described in this work is comparable to one of the commercial sputtered Y targets [19] . Indeed, the integrity of the irradiated targets was not compromised, despite a visible dark spot in the center of the target corresponding to the beam profile, as shown in Figure 8 . The white spot in the center of some targets can be explained by the creation of some amount of Y oxide/hydroxide due to water leakages in the target station. The expected 89 Zr activity at the EOB estimated using the RYC 2.0 software is reported in Table 4 . Since for the experiments reported by Queern et al. [19] some discrepancies were found only for higher-thickness targets of >200 µm (probably due to the chosen nuclear cross-section datasets), the RYC 2.0 was found effective to predict the 89 Zr EOB activity of the Y-2 and Y-7 target irradiation experiments. Thus, the 89 Zr activities of about 41 and 57.2 mCi are expected to be produced irradiating Y-2 of 50 µm and Y-7 of 70 µm sputtered targets for 5 h at 12.7 MeV and 50 µA. The 89 Zr 1-h EOB thick target yields a(t 1h ) for Y-2 and Y-7 targets (see Table 4 ) were a bit lower but of the same order of magnitude with the thick target yields obtained by 90-220 µm ACSI commercial targets [19] and an order of magnitude lower than the ones produced irradiating 25/35-µm Y targets, as reported by Meijs et al. [20] and Verel et al. [21] . This can be explained by higher irradiation energy and the use of a low-angle inclined target configuration, since the effective target thickness is much higher in those cases.
Further depositions are planned to increase the thickness of the Y sputtered film in order to compete better with the commercially available targets. Besides that, new irradiations are required to assess the produced activity and the radionuclide purity in order to confirm the sputtering technique as an alternative route for the realization of Y targets for 89 Zr production [19] [20] [21] .
Conclusions
The developed magnetron sputtering technique was successfully applied to the preparation of Mo and Y solid medical cyclotron targets, since this deposition method offers high density of the target material and high adherence to different backing materials. In this way, the good heat transfer allows for increasing the beam current during the irradiation. Indeed, realized solid targets can sustain up to a 1-kW/cm 2 proton beam heat power density with no critical damage. In addition, the capability to realize sputtered film onto any substrate gives the possibility of choosing the most suitable backing material for the purpose which each radionuclide production requires (i.e., thermal conductivity, chemical inertness). Thus, sapphire and synthetic diamond materials, inert in H 2 O 2 , which was the dissolution media for irradiated Mo targets, were used as the backing for the Mo targets, and Nb, inert in concentrated HCl used in the case of Y targets, was chosen as the backing for the realization of the Y targets. The performance of the homemade Y sputtered cyclotron solid targets was comparable to the commercial ones. 89 Zr activity of the order of 40-50 mCi is predicted to be produced by irradiating realized targets for 5 h at 12.7 MeV and 50 µA. The estimated 1-h EOB thick target yield is lower than the one of the ACSI commercial sputtered targets, but can be improved by increasing the Y layer thickness. The versatility of the developed magnetron sputtering method has been proven in this study, and it can also be a promising alternative for other solid target materials.
Patents
The method for solid cyclotron target preparation reported in this manuscript was submitted by Istituto Nazionale di Fisica Nucleare on 14.09.17 as an Italian patent application, N. 102017000102990, dep. ref. P1183IT00, inventors V. Palmieri, H. Skliarova, S. Cisternino, M. Marengo, G. Cicoria, entitled "Metodo per l'ottenimento di un target solido per la produzione di radiofarmaci". It was extended to the international patent application PCT/IB2018/056826, dep. ref. P1183PC00, on 07.09.18, entitled "Method for obtaining a solid target for radiopharmaceuticals production".
